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Primary cilia are sensory organelles that translate extracellular
chemical and mechanical cues into cellular responses. Bone is an
exquisitely mechanosensitive organ, and its homeostasis depends
on the ability of bone cells to sense and respond to mechanical
stimuli. One such stimulus is dynamic fluid flow, which triggers
biochemical and transcriptional changes in bone cells by an un-
known mechanism. Here we report that bone cells possess primary
cilia that project from the cell surface and deflect during fluid flow
and that these primary cilia are required for osteogenic and bone
resorptive responses to dynamic fluid flow. We also show that,
unlike in kidney cells, primary cilia in bone translate fluid flow into
cellular responses in bone cells independently of Ca2* flux and
stretch-activated ion channels. These results suggest that primary
cilia might regulate homeostasis in diverse tissues by allowing
mechanical signals to alter cellular activity via tissue-specific path-
ways. Our identification of a mechanism for mechanotransduction
in bone could lead to therapeutic approaches for combating bone
loss due to osteoporosis and disuse.

intracellular signaling | mechanotransduction | osteoblast | osteocyte |
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ammalian cells are sensitive to their environments and can

detect both chemical and mechanical signals (1, 2). In
tissues such as bone, cartilage, endothelium, and kidney, me-
chanical signals play important roles in proliferation (3, 4),
differentiation (4, 5), and pathology (6-8). However, in many of
these tissues the cellular mechanosensors are unknown.

Bone alters its morphology and density in response to external
loads. Lack of mechanical stimulation has been linked to bone
loss in osteoporosis, a highly prevalent and debilitating disease
of aging (9). Models of bone tissue predict that during loading,
fluid flows through the compartments (lacunae) that house
osteocytes within mineralized bone and through the channels
(canaliculae) that connect lacunae to each other and to bone-
forming osteoblasts at the bone surface (10, 11). Experiments in
cultured bone cells have shown that dynamic fluid flow stimu-
lates osteogenic, and inhibits bone resorptive, responses (12-14).
However, it remains unknown how bone cells translate loading-
induced signals such as dynamic fluid flow into biochemical and
transcriptional responses.

Primary cilia are solitary, immotile, microtubule-based or-
ganelles that grow from the centrosome and project from the cell
surface in many vertebrate tissues (15), including bone (16, 17).
Their construction requires intraflagellar transport (IFT), a
coordinated process involving a system of motor proteins and
adaptors (18). Primary cilia possess receptors for signaling
molecules such as somatostatin and PDGF (19, 20) and have
been implicated in Sonic hedgehog signaling (21) and the
establishment of left-right asymmetry (22). Primary cilia also
function as flow sensors in kidney tubule epithelial cells. When
mechanically stimulated, cultured kidney cell primary cilia in-
duce extracellular Ca>*-dependent intracellular Ca’* release
(23, 24), leading to activation of the STAT transcription factor
pathway (7). This Ca?" response is lost in cells bearing mutations
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in the IFT component polaris (23, 25) or after removal of
primary cilia by treatment with the drug chloral hydrate (26). In
kidney cells, cilium-mediated Ca®* entry requires polycystin 2, a
stretch-activated Ca?* channel that localizes to the primary
cilium (27). Mutations in polycystin 2, or mutations that result in
abnormal cilia, cause polycystic kidney disease in humans and
mice (28-30).

The extension of the primary cilium from the cell surface, and
a high concentration of receptors in the ciliary membrane, along
with its putative role in sensing fluid flow in the kidney, make
it a promising candidate for flow-sensing in bone (31). Although
there is evidence that primary cilia play a role in bone devel-
opment and patterning (17, 32), to date there is no direct
evidence that primary cilia play a mechanosensory role in bone
cells. In this study, we show that bone cells possess primary cilia
with physical characteristics consistent with a flow-sensing func-
tion. We then show that primary cilia are required for bone-
specific cellular responses to fluid flow. Finally, we show that,
unlike in kidney cells, flow-induced Ca?* flux in bone cells is
independent of primary cilia and calcium influx.

Results

Primary Cilia Extend from the Surface of Bone Cells and Deflect During
Fluid Flow. To investigate whether primary cilia might play a role
in mechanotransduction in bone, we sought to determine
whether primary cilia extend from bone cells into the extracel-
lular environment and, if so, whether bone cell primary cilia are
deflected by fluid flow. Xiao et al. (17) found cilium-like
structures in MC3T3-E1 osteoblasts and MLO-Y4 osteocytes.
To establish that these structures extended from the centrosome
and were in fact primary cilia, these cells were stained for
acetylated a-tubulin, which is enriched in ciliary microtubules
(33), and the centrosomal component CEP135 (34). Both
MC3T3-E1 and MLO-Y4 cells possess acetylated a-tubulin-
positive primary cilia extending from the centrosome (Fig. 1 4
and B and Table 1). To determine whether primary cilia protrude
from the surface of bone cells (35), MC3T3-E1 cells were stained
for acetylated a-tubulin and S5-chloromethylfluorescein diac-
etate (CMFDA) to label the cell surface, and confocal image
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Fig. 1. Primary cilia project from the apical surface of bone cells and bend
during fluid flow. (A and B) Primary cilia stained with anti-acetylated a-tubulin
(red) extend from centrosomes stained with anti-CEP135 (green) in MC3T3-E1
osteoblasts (A) and MLO-Y4 osteocytes (B). DNA is stained with DAPI (blue). (C)
Maximum projection of a confocal z series shows a primary cilium marked by
acetylated a-tubulin (red) extending from the apical surface marked by CM-
FDA (green) of an MC3T3-E1 osteoblast. DNA is stained with DAPI (blue). (D)
Side view of a primary cilium (arrowheads) extending from the apical surface
of an MC3T3-E1 osteoblast before (Upper) and during (Lower) application
fluid flow from left to right. Images are inverted frames from S| Movie 1. (Scale
bars: 5 um.)

stacks were collected. Three-dimensional projections of these
stacks demonstrated primary cilia extending beyond the cell
surface (Fig. 1C). When imaged in side view with Hoffman
modulation (36), primary cilia were seen as 4- to 9-um-long rods
projecting from the apical surface of MC3T3-E1 cells (Fig. 1D).
These cilia deflected upon application of ~0.03 Pa steady flow
and recoiled after cessation of flow [see supporting information
(SI) Movie 1]. That primary cilia project from the surface of
bone cells and deflect during flow indicates that they have the
potential to sense fluid flow.

Abrogation of Primary Cilium Formation and Function. Primary cilia
were abrogated by using two independent approaches. Bone cells
were treated with chloral hydrate (see Methods), which removes
primary cilia in kidney cells (26). Chloral hydrate treatment
caused a 90% reduction in the fraction of cells with primary cilia
as scored by acetylated a-tubulin staining (Table 1). We also

Table 1. Percentage of cells with primary cilia under
various conditions

Cells with primary cilia, %

Condition MC3T3-E1 MLO-Y4
No treatment 60.8 = 8.4 62.0 = 15.2
Chloral hydrate 10.2 = 6.1 6.8 2.2
Control siRNA 58.3+7.9 47.8 = 2.1
Polaris siRNA 35.6 = 13.9 25.5 + 8.0

Total cells for each condition: n = 400. * represents SD from at least four
experiments.
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Fig. 2. RNAI of polaris prevents primary cilium formation in cultured bone
cells. (A) Western blot showing reduced levels of protein in MC3T3-E1 osteo-
blasts transfected with polaris siRNA (right lane) relative to cells transfected
with control siRNA (left lane). Western blot for actin is a loading control. (B)
Control MC3T3-E1 osteoblast showing polaris (green) at the primary cilium
(arrowhead) marked by acetylated a-tubulin (red). DNA is stained with DAPI
(blue). (C) Polaris siRNA-treated MC3T3-E1 osteoblast showing reduced polaris
staining (green) and the absence of a primary cilium extending from the
centrioles (arrowhead). Stable cytoplasmic microtubules are marked by acety-
lated a-tubulin (red) and DNA is stained with DAPI (blue). (Scale bars: 10 um.)

prevented primary cilium formation by siRNA-mediated deple-
tion of the IFT component polaris, which is required for primary
cilium biogenesis and function (37). Depletion of polaris was
confirmed by Western blotting and immunofluorescence (Fig. 2)
and caused ~50% reduction in the fraction of cells with primary
cilia (Table 1). siRNA transfection efficiencies of 82.7 * 4.5% of
cells were obtained, as assayed by Cy3-labeled siRNA, indicating
that some transfected cells still possessed levels of polaris
sufficient to grow ciliary axonemes.

Primary Cilia Are Required for Osteogenic and Bone Resorptive
Responses to Dynamic Fluid Flow. Osteoblasts and osteocytes
respond to dynamic fluid flow with characteristic increases in
gene expression and cytokine release. For example, bone-
forming osteoblasts up-regulate the expression of osteopontin
(OPN), a bone matrix protein, in response to flow (14). We
measured the levels of OPN mRNA in MC3T3-E1 osteoblasts
after exposure to oscillatory fluid flow. In untreated cells,
exposure to flow resulted in a 3-fold increase in OPN mRNA
levels (P < 0.01), whereas in cells treated with chloral hydrate,
exposure to flow did not result in increased levels of OPN
mRNA (Fig. 34). OPN mRNA levels increased 4.4-fold in
chloral hydrate-treated cells exposed to 10 nM vitamin D
(Sigma, St. Louis, MO) (38), demonstrating that chloral hydrate
does not inhibit OPN gene expression nonspecifically (data not
shown). In cells treated with control siRNA, exposure to flow
resulted in a 3-fold increase in OPN mRNA (P < 0.005), whereas
in cells treated with siRNA targeting polaris, exposure to flow
did not result in increased OPN mRNA levels and in fact caused
a 50% reduction in OPN mRNA (P < 0.05) (Fig. 34).

The cytokine prostaglandin E, (PGEo,) is produced by osteo-
blasts and osteocytes after mechanical loading in vivo and
regulates bone metabolism (39). Because PGE; is released by
cultured osteoblasts and osteocytes in response to dynamic fluid
flow (40, 41), we asked whether flow-induced PGE, release
requires primary cilia. In untreated MC3T3-E1 cells, exposure to
flow resulted in a 3.7-fold increase in PGE; release (P < 0.001),
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Fig.3. Primary cilia are required for cellular responses to dynamic fluid flow
in osteoblasts and osteocytes. (A) Flow-induced OPN mRNA levelsin MC3T3-E1
osteoblasts with and without primary cilia. Cells were exposed to 1-Pa 1-Hz
oscillatory fluid flow for 1 h, and OPN mRNA levels were quantified by
real-time RT-PCR and normalized to 18S rRNA. (B) PGE; release for MC3T3-E1
osteoblasts with and without primary cilia. Extracellular PGE; levels were
quantified by ELISA and normalized to total protein. (C) COX2 mRNA levels for
MLO-Y4 osteocytes as quantified by real-time RT-PCR and normalized to18S
rRNA. (D) OPG/RANKL mRNA ratios for MLO-Y4 osteocytes. [Error bars: SEM
(n=6)]

whereas in cells treated with chloral hydrate, exposure to flow
resulted in no change in PGE; release (Fig. 3B). As a control,
MC3T3-E1 and MLO-Y4 cells were treated with chloral hydrate,
and they displayed 13-fold and 3.3-fold increases in PGE,
release, respectively, after 40-min exposure to 200 uM A23187
calcimycin (Sigma), a calcium ionophore known to induce PGE,
release (42) (data not shown). In cells treated with control
siRNA, exposure to flow resulted in a 2.2-fold increase in PGE,
release (P < 0.01), whereas in cells treated with siRNA targeting
polaris, exposure to flow did not result in increased PGE; release
(Fig. 3B). In MLO-Y4 cells, increases in PGE; release with flow
were also abrogated by treatment with chloral hydrate or polaris
siRNA (data not shown).

We next examined whether primary cilia mediate flow-
induced changes in cyclooxygenase 2 (COX2) gene expression.
COX2 converts arachidonic acid to prostaglandin H,, which is
subsequently converted into PGE, in bone cells (43). In un-
treated cells, exposure to flow resulted in a 2-fold increase in
COX2 mRNA levels (P < 0.005), whereas in cells treated with
chloral hydrate, exposure to flow did not result in increased
levels of COX2 mRNA (Fig. 3C). In cells treated with control
siRNA, exposure to flow resulted in a 1.9-fold increase in COX2
mRNA (P < 0.005), but this increase was eliminated in cells
treated with siRNA targeting polaris (Fig. 3C). This increase was
also observed in MC3T3-E1 cells and was lost with chloral
hydrate or polaris siRNA treatment (data not shown).

We hypothesized that primary cilia might also play a role in
bone resorption. The osteoprotegerin (OPG)/receptor activator
of NF-«B ligand (RANKL) signaling system regulates the for-
mation rate of bone-resorbing osteoclasts (12, 44, 45). RANKL
binds to receptor activator of NF-«B (RANK) on preosteoclasts
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Fig.4. Ca*2fluxduring flow in bone cells isindependent of primary cilia. (A)
Fura 2-AM fluorescence in MC3T3-E1 osteoblasts during in vivo Ca*2imaging.
(A’) Staining of primary cilia (arrowheads) marked by acetylated a-tubulin
(red) in the same field of cells after fixation; DNA is stained with DAPI (blue).
(A") Overlay of Fura 2-AM and DAPI fluorescence shows that the fields of cells
are identical. (Scale bar: 10 um.) (B) Percentage of MC3T3-E1 osteoblasts (blue
bars) and MDCK cells (orange bars) exhibiting Ca*2? flux during flow (see
Methods). (C) Percentage of MC3T3-E1 osteoblasts exhibiting Ca*2 flux during
flow after various treatments. [Error bars: SEM (n = 4).]

and promotes osteoclast differentiation, which is inhibited by
OPG, a soluble decoy receptor of RANKL. Both osteocytes and
osteoblasts produce OPG and RANKL, but MLO-Y4 cells can
support osteoclast formation, whereas MC3T3-E1 cells cannot
(46). Thus, we examined OPG/RANKL ratios in MLO-Y4 cells.
In untreated cells, exposure to flow resulted in a 1.6-fold increase
in the ratio of OPG/RANKL mRNA (P < 0.005), whereas in
cells treated with chloral hydrate, exposure to flow did not result
in significant changes in the ratio of OPG/RANKL mRNA (Fig.
3D). In cells treated with control siRNA, exposure to flow
resulted in a 2.2-fold increase in the ratio of OPG/RANKL
mRNA levels (P < 0.02), and this increase was eliminated in cells
treated with siRNA targeting polaris (Fig. 3D).

CaZ* Flux in Bone Cells During Flow Is Independent of Primary Cilia and
Polycystin 2. Deflecting primary cilia in kidney cells causes Ca?*
influx through the stretch-sensitive Ca®>* channel polycystin 2,
triggering intracellular Ca?* release (24, 27, 47). We and others
(14, 48) have shown that bone cells respond to fluid flow with
increases in intracellular Ca?*. Thus, we sought to determine
whether flow-induced Ca?* flux in bone cells was mediated by
primary cilia. On the basis of the observation that ~50% of
MC3T3-E1 cells exhibit Ca?* flux during flow (14) and that
~60% of these cells possess primary cilia (Table 1), we hypoth-
esized that only cells possessing primary cilia display Ca?* flux
during flow. To test this hypothesis, Ca?>* flux was measured
during flow in individual MC3T3-E1 osteoblasts (Fig. 44). The
same cells were then stained for acetylated a-tubulin and scored
for primary cilia (Fig. 44"). Unexpectedly, 64 of 172 cells that
lacked primary cilia displayed Ca?* flux during flow, and there
was not a significant correlation (P = 0.11, x> test) between
possession of a primary cilium and Ca?* flux. Also, many cells
(114/207) that possessed primary cilia did not exhibit Ca?* flux
during flow. Similarly, no correlation between primary cilia and
Ca?* flux was found in MLO-Y4 osteocytes, with 73/150 cells
without cilia exhibiting Ca?* flux (P = 0.44, x? test) and 99/178
cells with cilia not displaying Ca?* flux during flow.
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In kidney cells, primary cilium-mediated Ca?* flux propagates
between cells via gap junctions (24). Thus, cells without primary
cilia might exhibit Ca>* flux during flow because of propagation
of Ca?* from neighboring cells, rather than in direct response to
flow. To eliminate this confounding effect, cells were scored for
Ca?* flux and the presence of primary cilia while gap junctions
were blocked using 30 uM 18a-glycyrrhetinic acid (Sigma) (49).
Cells that lacked cilia still responded to flow (102/159 cells) after
gap junction inhibition, and there was no significant correlation
between the presence of primary cilia and Ca?* flux (P = 0.11,
X° test), indicating that cell-cell communication could not
account for the observed lack of correlation.

To test whether Ca?* flux during flow can occur indepen-
dently of primary cilia in bone cells, MC3T3-E1 osteoblasts were
treated with either chloral hydrate to remove primary cilia or
siRNA targeting polaris to prevent cilium formation and then
assayed for Ca* flux during flow. Neither treatment signifi-
cantly altered the fraction of cells exhibiting Ca?* flux relative
to control cells (Fig. 4B). Previous work (24, 26) establishing the
role of the primary cilia in flow-induced Ca?* flux used kidney
cells exposed to constant flow. Our finding that Ca?* flux in
response to dynamic flow is independent of primary cilia in bone
cells suggests either that kidney and bone cells differ in their
primary cilium-mediated responses to fluid flow or that steady
and dynamic flow cause different cellular responses. To distin-
guish between these possibilities, constant flow was applied to
MC3T3-E1 cells after chloral hydrate treatment. As was the case
for untreated cells, a high percentage of these cells exhibited
Ca?* flux (data not shown). Also, a greatly reduced percentage
of MDCK kidney cells treated with chloral hydrate displayed
Ca?* flux during dynamic flow (Fig. 4B), similar to experiments
using steady flow (26). These data suggest that the mechanisms
responsible for cilium-mediated mechanosensation in
MC3T3-E1 bone cells and MDCK kidney cells are indeed
distinct.

We next tested whether polycystin 2 is involved in Ca?*
response in bone cells. In kidney cells, removal of extracellular
Ca’* or treatment with the stretch-activated ion channel inhib-
itor gadolinium chloride (25, 50) eliminates flow-induced Ca?*
flux. In contrast, we found that treating MC3T3-E1 osteoblasts
with 10 uM gadolinium chloride (Sigma) for 30 min or removing
extracellular Ca’?* by pretreating flow medium with 90 uM
BAPTA (Sigma) did not eliminate flow-induced Ca?* flux (Fig.
4C). Thus, extracellular Ca>* entry and polycystin 2 apparently
do not play a role in flow-induced Ca>* response in bone cells.
These data, in combination with our findings that bone cells
lacking primary cilia exhibit Ca?* flux during flow, indicate that
primary cilia act as flow sensors in bone cells by a mechanism
that is different from that of kidney cells.

Discussion

Many tissues are sensitive to mechanical stimuli, and this sen-
sitivity is essential for their physiological functioning. However,
the mechanisms by which cells sense and respond to mechanical
stimuli are understood in remarkably few cases. In bone, this
question is compelling because the deformations due to loading
are small, yet loading is required in order to maintain the
structure and function of the skeleton. In this study, we present
evidence that primary cilia act as mechanosensors in bone cells,
providing a potential mechanism by which mechanical stimuli
are translated into osteogenic and bone resorptive responses. We
demonstrate that cilium-mediated mechanotransduction in bone
differs from that described in other tissues, particularly kidney
epithelium, with respect to the molecular events that initiate
intracellular signaling. We also show that that primary cilia sense
dynamic flow, in addition to the constant flow that has been
examined in the context of the kidney. Our evidence that the
primary cilium is a mechanosensor in bone highlights it as a

13328 | www.pnas.org/cgi/doi/10.1073/pnas.0700636104

potential therapeutic target for efforts to prevent bone loss
during disease and disuse.

We first show that primary cilia protrude from the apical
surface of bone cells and are deflected during fluid flow. These
results, in combination with scanning electron microscopy data
showing that primary cilium-like structures are external in
MLO-Y4 osteocytes (17), indicate that bone cell primary cilia
possess physical properties consistent with a flow-sensing func-
tion. However, it is important to note that these in vitro exper-
iments do not reproduce the complex 3D environment of
osteocytes and osteoblasts. It is possible that bone cell primary
cilia interact with extracellular matrix proteins, as has been
shown in cartilage (51), and if this were the case, integrins on the
primary cilium could translate deformations of the extracellular
matrix into intracellular signals, amplifying mechanical stimuli.
Further experiments will be required in order to characterize the
structural and molecular environment of the primary cilium in
bone tissue.

It should be noted that the methods we used to abrogate
primary cilia have important limitations. Chloral hydrate re-
moves primary cilia, possibly by disrupting the junction of the
cilium and the basal body (52), but is also known to disrupt
mitosis (53). Although chloral hydrate could thus have nonspe-
cific effects on cell physiology, it is currently one of the only
chemical methods for removing primary cilia from vertebrate
cells. We used a protocol (26) in which chloral hydrate was
removed for 24 h before experiments were performed and found
that 24 h after drug removal, cells possessed normal morphology
and cytoplasmic microtubules but low numbers of primary cilia
(Table 1). Primary cilia did eventually recover, returning to
pretreatment numbers 72 h after drug removal (data not shown).
After polaris siRNA treatment, only 50% fewer cells had pri-
mary cilia than control cells (Table 1), but a complete loss of flow
response was observed in these cells (Fig. 3). A possible expla-
nation for this discrepancy is that the efficiency of IFT might
decrease upon reduction of polaris protein levels, preventing
delivery of functional ciliary components to some fraction of the
remaining cilia. Indeed, ciliary localization of polycystin 2 is lost
after moderate RNAI of another IFT component, IFT20, even
though the ciliary axonemes appear normal (54), suggesting that
axoneme growth is not sufficient for ciliary function. However,
the consistency of the results we obtained by using these two
independent methods to abrogate primary cilia, combined with
control experiments (see Results), allowed us to confidently
assess the role of primary cilia in sensing flow in bone cells.

We also show that primary cilia are required for bone-specific
cellular responses to dynamic fluid flow. We found that primary
cilia are required for flow-induced increases in OPN mRNA
levels in MC3T3-E1 cells and for increases in PGE, release and
COX2 mRNA levels in both MLO-Y4 and MC3T3-E1 cells,
indicating that primary cilia play a role in osteogenic responses
to flow. Primary cilia are also required in order to increase the
ratio of OPG/RANKL mRNA after fluid flow in MLO-Y4 cells,
suggesting that primary cilia may play an antiresorptive role in
osteocytes. Although these results do not allow us to conclude
whether primary cilia mediate bone resorption in vivo, they show
that flow-induced increases in the OPG/RANKL mRNA ratio
are dependent on primary cilia. Our results suggest that primary
cilia may contribute to the balance between bone formation and
resorption that is necessary for bone homeostasis. A complica-
tion in studying the role of primary cilia in bone homeostasis is
that primary cilia have been implicated in the developmental and
patterning steps that precede the formation of mineralized bone
(17,32). Thus, in vivo experiments to determine whether primary
cilia play a role in mechanosensation and homeostasis in bone
will require the ability to manipulate the presence of primary
cilia after bone has fully developed.
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We have shown that in bone cells, primary cilia are responsible
for changes in cellular activity after mechanical stimulation,
similar to the case of kidney cells (7). However, unlike kidney
cells, in which primary cilia mediate polycystin 2-dependent
Ca?* entry and intracellular Ca* release in response to fluid
flow, bone cells that lack primary cilia exhibit Ca?* flux in
response to fluid flow. This response persists after inhibition of
stretch-sensitive ion channels or chelation of extracellular Ca2™,
indicating that Ca?* entry is not required for intracellular Ca?*
flux in bone cells. Thus, our results suggest that a Ca?* entry- and
polycystin 2-independent signaling mechanism links primary
cilia to downstream cellular responses in bone cells. This is
consistent with previous evidence (40) that some osteogenic
responses to mechanical stimulation are Ca?*-independent. In
cholangiocytes, primary cilia mediate changes in cAMP levels
during flow (55), and in kidney cells, proteolysis of polycystin 1
is involved in transcriptional responses to flow (7). Further
experiments will be required in order to determine whether
these or other signaling pathways could connect flow-induced
bending of the primary cilium to the cilium-dependent cellular
responses we have observed in bone cells.

It is becoming increasingly clear that primary cilia act in
diverse cell and tissue types to detect a range of chemical and
physical signals. One unanswered question is to what extent
primary cilia act in concert with other cellular sensory systems.
Our data indicate that flow-induced Ca?" flux in bone cells is
independent of primary cilia, but both Ca?>* flux and MAPK
phosphorylation have been shown to be required for flow-
induced increases in OPN gene expression (14), although it is not
clear whether these two signals are part of the same signaling
pathway. We show here that primary cilia are required for
flow-induced increases in OPN mRNA levels but are not re-
quired for Ca?* flux, which we previously demonstrated is
required for the OPN response to flow. This would suggest that
multiple mechanosensitive pathways act in concert to contribute
to changes in OPN expression. Our results also raise the possi-
bility that, as is the case for PDGF (20), flow might induce
MAPK phosphorylation by means of the primary cilium. Fur-
thermore, there is evidence that focal adhesions play a role in
mechanosensation in bone cells (56, 57), and primary cilium-
mediated signaling could be integrated with focal adhesion-
mediated signaling to allow cells to incorporate multiple me-
chanical signals into the appropriate cellular response. In their
role as mechanosensors, primary cilia could thus be part of a
comprehensive array of sensory tools that allow bone cells to
maintain bone homeostasis.

Methods

Cell Culture. MC3T3-E1 and MLO-Y4 cells were cultured as
described in ref. 58; MDCK kidney cells were cultured in DMEM
(Invitrogen, Carlsbad, CA) with 10% FBS and 1% penicillin/
streptomycin. Cells were maintained at 37°C and 5% CO,. For
Ca?* imaging experiments, cells were grown on 76 X 26 X
1.6-mm UV-transparent quartz slides (Quartz Scientific, Van-
couver, WA). For PGE, and gene expression experiments, cells
were grown on 76 X 48 X 1-mm glass slides (Fisher Scientific,
Waltham, MA).

Immunofluorescence. Cells were fixed in —20°C methanol and
processed for immunofluorescence as in ref. 59, using 6-11B-1
anti-acetylated o-tubulin (1:2,000, Sigma), rabbit anti-CEP135
(1:500; a gift from R. Kuriyama, University of Minnesota,
Minneapolis, MN), or rabbit anti-polaris (1:500; a gift from B.
Yoder, University of Alabama at Birmingham, Birmingham,
AL) primary antibodies, followed by incubation with goat anti-
mouse Alexa 594 and goat anti-rabbit Alexa 488 secondary
antibodies (1:200; Molecular Probes, Eugene, OR). DNA was
stained with DAPI (1:100,000 of a 5 mg/ml stock; Sigma).
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Confocal Imaging of Primary Cilia. Cells were stained for acetylated
a-tubulin and the cell body was stained using 5 uM CMFDA
(CellTracker Green; Molecular Probes). Cells were imaged on a
Nikon (Florham Park, NJ) C-1 confocal microscope using a 1.4
numerical aperture X60 violet corrected objective. Image stacks
were deconvolved by using a point-spread function free adaptive
algorithm (Media Cybernetics, Silver Spring, MD).

Visualization of Primary Cilia in Side View. MC3T3-E1 cells were
grown on tissue culture treated polyester membranes (Corn-
ing, Corning, NY). Membranes were excised, folded in half
cell-side out, and positioned in a small flow chamber so that
the folded edge was parallel to the direction of flow and
aligned with the chamber edge. Cells were imaged for 20 sec
(5 sec before and after flow) at 10 frames per second under
X40 magnification using Hoffman modulation contrast and
exposed to a 10-sec pulse of ~0.03 Pa steady flow. Images were
contrast-enhanced using Image J software (National Institutes
of Health, Bethesda, MD).

Abrogation of Primary Cilia. To prevent cilium formation by
knockdown of polaris, 20 uM siRNA targeting polaris (se-
quence: 5'-CCAGAAACAGATGAGGACGACCTTT-3") or
20 uM scrambled control siRNA (Invitrogen) was transfected
into cells by using XtremeGene (Roche Molecular Systems,
Alameda, CA). Medium was changed 24 h after transfection, and
flow experiments were performed 48 h after transfection. Nei-
ther the scrambled siRNA nor the polaris siRNA had any
significant effect on overall cellular morphology. To remove
primary cilia, 4 mM aqueous chloral hydrate (Sigma) was added
to cells for 72 h, cells were washed three times with PBS, and
fresh medium was added for 24 h before flow experiments (26).

Western Blotting. Total cellular protein was isolated in RIPA lysis
buffer (Santa Cruz Biotechnology, Santa Cruz, CA), and total
protein quantity was determined by BCA assay (Pierce, Rock-
ford, IL). Samples were separated by electrophoresis in 4-12%
precast NuPAGE Bis-Tris gels (Invitrogen), transferred onto
nitrocellulose membranes (Invitrogen), and probed with rabbit
anti-polaris (1:5,000) and anti-actin (1:1,000; Santa Cruz Bio-
technology) antibodies. Bound primary antibodies were detected
by chemiluminescent detection of HRP-conjugated goat anti-
rabbit antibodies.

Fluid Flow. A previously described fluid flow device (14) was used
to deliver oscillatory laminar fluid flow with a period of 1 Hz and
a cell surface shear stress of 1 Pa. Shear stress was generated
using a peak flow rate of 9 ml/min in the small chamber (38 X
10 X 0.28 mm) used for Ca?* experiments and 18.8 ml/min in the
large chamber (56 X 24 X 0.28 mm) used for all other experi-
ments. For steady flow experiments, a syringe pump (KD
Scientific, New Hope, PA) was used to generate flow at 9 ml/min.
For calcium experiments, each group had =4 slides, and for gene
expression and PGE, experiments, each group had =6 slides. All
experiments were repeated over multiple days, and for each
experimental set of slides, a control set was tested in parallel to
ensure that any differences detected were not due to performing
flow experiments and response assays at distinct times. To
compare no-flow vs. flow responses, a two-sample Student ¢ test
was used in which sample variance was not assumed to be equal.
To compare observations from more than two groups, a one-way
ANOVA was used followed by a Bonferroni selected-pairs
multiple comparisons test.

PGE; Assay. After 1 h of flow, slides were removed from flow
chambers, placed in dishes with 1 ml of medium, and incubated
for 1 h. Medium PGE; levels were measured by using an enzyme
immunoassay kit (Amersham, Piscataway, NJ). PGE; levels were
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normalized to total protein as determined by BCA assay
(Pierce). All samples and standards were run in duplicate.

Real-Time RT-PCR. Real-time quantitative RT-PCR was per-
formed using the ABI Prism 7900 detection system. Primers and
probes for 18S, OPN, COX2, OPG, RANKL, and GAPDH were
obtained from Applied Biosystems (Foster City, CA). Immedi-
ately after 1-h flow, total RNA was extracted with TriReagent
(Invitrogen), and cDNA was synthesized using the TagMan
reverse transcription kit (Applied Biosystems). cDNA samples
were then amplified by real-time PCR. Amplification curves for
control and experimental genes were recorded, and relative gene
levels between samples were quantified by using the relative
standard curve method (ABI Prism 7700 User Bulletin 2;
Applied Biosystems). All samples were normalized to endoge-
nous control 185 rRNA. All samples and standards were run in
triplicate. GAPDH levels were measured as a control to verify
that global gene expression levels did not increase after flow
(data not shown).

Ca2* Imaging. Intracellular Ca>* was quantified by using ratio-
metric imaging (14). Before exposure to flow, cells were incu-
bated with 10 uM Fura-2-AM (Molecular Probes) for 30 min.
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least four times the maximum intensity increase recorded during
the 3 min before flow.
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diamond scribe, and Ca?>* response of cells at a mark was
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again as described above. The field of cells analyzed for Ca?*
response was found and scored for the presence of primary cilia.
Cells were scored blindly for Ca?>* response (Y/N) and primary
cilia (Y/N), and correlation significance was tested by x? analysis.
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